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(57) ABSTRACT

A control apparatus for an internal combustion engine is
capable of switching a combustion mode between a spark
ignition combustion mode for combusting a mixture formed
in a combustion chamber with spark ignition and a com-
pression ignition combustion mode for combusting the mix-
ture with compression ignition. When the combustion mode
is switched from the spark ignition combustion mode to the
compression ignition combustion mode, in an internal EGR
control for keeping a part of a burnt gas generated by the
combustion remaining as an internal EGR in the combustion
chamber, an internal EGR amount of the internal EGR is
increased, an ignition timing is advanced, and a fuel injec-
tion amount is decreased so that an oxygen density con-
tained in the internal EGR used to form the mixture
increases.

13 Claims, 5 Drawing Sheets
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CONTROL APPARATUS AND METHOD FOR
INTERNAL COMBUSTION ENGINE

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a control apparatus and
method for an internal combustion engine capable of switch-
ing a combustion mode between a spark ignition combustion
mode and a compression ignition combustion mode.

2. Description of the Related Art

Hitherto, as a combustion method capable of simultane-
ously attaining improvements of fuel efficiency and an
exhaust gas performance in an internal combustion engine
(hereinafter referred to as engine), there is known a com-
bustion method (hereinafter referred to as HCCI combustion
mode) for igniting a uniform mixture by itself by compress-
ing the mixture with a piston.

As compared with a combustion method (hereinafter
referred to as SI combustion mode) involving flame propa-
gation combustion for igniting a mixture with spark ignition
of a spark plug, the HCCI combustion mode can improve
thermal efficiency with a high compression ratio, can reduce
a cooling loss with rapid combustion, and can also reduce a
pumping loss, thereby reducing a fuel consumption amount,
and can restrain nitrogen oxides (hereinafter referred to as
NOx) from being generated with low temperature combus-
tion of a uniform mixture high in the air fuel ratio or the
exhaust gas recirculation (EGR) ratio.

In the HCCI combustion mode, the HCCI combustion is
realized by keeping a part of a burnt gas generated by the
previous combustion cycle remaining (hereinafter referred
to as internal EGR), thereby increasing a mixture tempera-
ture. However, when the engine is in an operation area on a
relatively low load and low revolution side, an increase in
temperature of the mixture with the internal EGR is insuf-
ficient, and thus the HCCI combustion cannot be realized.
Therefore, and the combustion mode needs to be switched to
realize the SI combustion in this operation area.

As a technology for switching the combustion mode,
Japanese Patent No. 4438792 discloses a technology for
switching the combustion mode through mixed combustion
of increasing the internal EGR, and increasing the pressure
and temperature of a remaining mixture by a combustion
pressure of flame propagation combustion by spark ignition,
resulting in compression ignition.

However, in the combustion mode switching method
disclosed in Japanese Patent No. 4438792, inactive gasses
included in the mixture also increase as a result of the
increase in the internal EGR, and hence the flame propaga-
tion combustion by the spark ignition hardly occurs, result-
ing in a combustion fluctuation and a misfire. Therefore,
when the internal EGR more than a predetermined amount
is carried out, stable mixed combustion cannot be realized
due to an increase in the combustion fluctuation and the
misfire, resulting in such a problem that the combustion
mode cannot be switched.

Moreover, as the internal EGR increases, a combustion
period extends, and hence the ignition timing needs to be
advanced for optimal thermal efficiency. In this case, as the
ignition timing is separated from the compression top dead
center (hereinafter referred to as compression TDC) more,
the pressure and temperature of the mixture at the ignition
timing decrease. Further, the combustion temperature
decreases as the internal EGR increases, and hence when the
ignition timing is advanced as described above, the remain-
ing mixture does not reach a pressure and a temperature for
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2

the compression ignition in the flame propagation combus-
tion by the spark ignition, resulting in such a problem that
the combustion mode cannot be switched.

SUMMARY OF THE INVENTION

The present invention has been made to solve the above-
mentioned problems, and therefore has an object to provide
a control apparatus and method for an internal combustion
engine capable of smoothly switching a combustion mode
between an SI combustion mode and an HCCI combustion
mode.

According to one embodiment of the present invention,
there is provided a control apparatus for an internal com-
bustion engine, which is capable of switching a combustion
mode between a spark ignition combustion mode for com-
busting a mixture formed in a combustion chamber with
spark ignition and a compression ignition combustion mode
for combusting the mixture with compression ignition, the
control apparatus including: an ignition timing control part
for controlling a timing for igniting the mixture with a spark;
a fuel injection amount control part for controlling a fuel
injection amount supplied to the combustion chamber; an
internal EGR control part for keeping a part of a burnt gas
generated by the combustion remaining as an internal EGR
in the combustion chamber; and a combustion mode switch-
ing control part for switching the combustion mode between
the spark ignition combustion mode and the compression
ignition combustion mode, in which, when the combustion
mode switching control part carries out switching from the
spark ignition combustion mode to the compression ignition
combustion mode, the control apparatus is configured to
increase an internal EGR amount of the internal EGR;
advance the ignition timing; and to decrease the fuel injec-
tion amount so that an oxygen density contained in the
internal EGR used to form the mixture increases. According
to one embodiment of the present invention, there is also
provided a control method for an internal combustion
engine.

According to one embodiment of the present invention, it
is possible to provide the control apparatus and method for
an internal combustion engine capable of smoothly switch-
ing the combustion mode between the SI combustion mode
and the HCCI combustion mode.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a flowchart illustrating a control procedure of
combustion mode switching control in a control apparatus
for an internal combustion engine according to an embodi-
ment of the present invention.

FIG. 2 is an overall configuration diagram of an engine
system capable of switching a combustion mode between an
SI combustion mode and an HCCI combustion mode includ-
ing the control apparatus for an internal combustion engine
according to the embodiment of the present invention.

FIG. 3 is an operation area map showing operation areas
of the SI combustion mode, the HCCI combustion mode,
and an intermediate combustion mode according to the
embodiment of the present invention.

FIGS. 4A and 4B are graphs showing valve operations in
the SI combustion mode and the HCCI combustion mode
according to the embodiment of the present invention.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

A description is now given of a control apparatus and
method for an internal combustion engine according to an
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embodiment of the present invention referring to the draw-
ings. Throughout the embodiment, the same or correspond-
ing components are denoted by the same reference symbols,
and a redundant description thereof is omitted.

First Embodiment

FIG. 2 is an overall configuration diagram of an engine
system capable of switching a combustion mode between an
SI combustion mode and an HCCI combustion mode includ-
ing the control apparatus for an internal combustion engine
according to an embodiment of the present invention. In
FIG. 2, in a combustion chamber 2 of a cylinder 1 of an
engine 100, an intake valve 3, an exhaust value 4, and a
piston 5 are provided, and further, an ignition plug 6 and an
injector 7 are provided so as to face the inside of the
combustion chamber 2.

The intake valve 3 and the exhaust valve 4 are respec-
tively driven by a variable intake valve train 23 and a
variable exhaust valve train 24, and the variable intake valve
train 23 and the variable exhaust valve train 24 respectively
change valve characteristics such as lift amounts and work-
ing angles of the intake valve 3 and the exhaust valve 4.

The piston 5 is connected to a crankshaft 14 via a
connecting rod 15, and a crank angle sensor 13 is provided
in order to detect a rotation angle (crank angle) of the
crankshaft 14.

Moreover, an electronic control throttle 9 provided in an
intake passage 8 adjusts an intake air amount supplied to the
combustion chamber 2. The electronic control throttle 9
includes a throttle valve 94, a motor 956 for driving the
throttle valve 94, and a throttle opening degree sensor 9¢ for
detecting an opening degree of the throttle valve 9a.

An engine control unit (hereinafter referred to as ECU) 10
serving as an engine control part acquires an output signal of
an accelerator position sensor 12 for detecting an operation
amount of an accelerator pedal 11, transmits a control signal
to the motor 95, and controls the throttle valve 9a so as to
attain an appropriate opening degree based on a throttle
valve opening degree signal from the throttle opening degree
sensor 9c.

Moreover, the ECU 10 acquires output signals from the
accelerator position sensor 12, the crank angle sensor 13, an
airflow sensor 16, and an air fuel ratio sensor 21 as well as
various sensors (not shown), thereby determining an ignition
timing, a fuel injection amount, and the like. Then, based on
the determined values, the ECU 10 drives the injector 7 to
inject and supply a fuel into the combustion chamber 2, and
drives an ignition coil 19 connected to the ignition plug 6,
thereby discharging sparks in a plug gap of the ignition plug
6.

After a flow amount of intake air from which dust and dirt
are removed by an air cleaner 17 is measured by the airflow
sensor 16, the intake air passes through the electronic control
throttle 9, is led to a surge tank 18, further passes from the
surge tank 18 through the intake valve 3, and is introduced
into the combustion chamber 2. The mixture is formed by
mixing the intake air introduced into the combustion cham-
ber 2 and the fuel injected from the injector 7. In the SI
combustion mode, the mixture is ignited by the spark
discharge of the ignition plug 6, and combusted by the flame
propagation. In the HCCI combustion mode, the mixture is
compressed by the upward movement of the piston 5, and is
ignited almost simultaneously in the entire combustion
chamber.

The combustion pressure of the mixture is transferred to
the piston 5, and reciprocally moves the piston 5. The
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reciprocating motion of the piston 5 is transferred via the
connecting rod 15 to the crankshaft 14, is converted into a
rotational motion at the crankshaft 14, and is extracted as an
output of the engine 100. The mixture after the combustion
becomes an exhaust gas, passes through the exhaust valve 4,
and is exhausted to an exhaust passage 20. The air fuel ratio
sensor 21 for detecting the air fuel ratio of the exhaust gas
is provided at a collection part of the exhaust passage 20.
Moreover, a three-way catalyst 22 for purifying harmful
components in the exhaust gas is provided on a downstream
side of the collection part of the exhaust passage 20.

Referring to FIGS. 3 and 4, a description is now given of
operation states of the engine 100. FIG. 3 shows an opera-
tion area map of the engine 100, and FIGS. 4A and 4B show
valve profiles of the intake valve 3 and the exhaust valve 4.

The combustion mode of the engine 100 is switched
between the SI combustion mode and the HCCI combustion
mode depending on the operation state by control of the
ECU 10 (combustion mode switching control part) while
referring to the operation area map of FIG. 3. It should be
noted that the operation area map is set in advance by
experiments and the like.

Moreover, the ECU 10 carries out opening degree control
for the throttle valve, control for the ignition timing and the
fuel injection amount, and operations described below.

In (a) SI area of FIG. 3, the engine 100 operates in the SI
combustion mode in which the mixture is subjected to the
flame propagation combustion by being ignited with the
spark discharge by using the ignition plug 6. In (a) SI area,
as shown in valve profiles during the SI combustion of FIG.
4A, in order to provide the so-called “overlap period” where
both the intake valve 3 and the exhaust valve 4 are simul-
taneously opening, the intake valve 3 opens at IVOa before
the exhaust top dead center (hereinafter referred to as
exhaust TDC), and the exhaust valve 4 closes at EVCa after
the exhaust TDC.

In (b) HCCI area of FIG. 3, the engine 100 operates in the
HCCI combustion mode in which the mixture is compressed
as the piston 5 moves upward, and is ignited and burnt
approximately simultaneously in the entire combustion
chamber without use of the ignition plug 6. In (b) HCCI
area, as shown in valve profiles during the HCCI combustion
of FIG. 4B, in order to provide the so-called “negative
overlap period” where both the intake valve 3 and the
exhaust valve 4 simultaneously are closed, the exhaust valve
4 is closed at EVCb before the exhaust TDC, and the intake
valve 3 is opened at IVODb after the exhaust TDC. A part of
the burnt gas generated by the previous cycle can be kept
remaining in the combustion chamber 2 as the internal EGR
by closing the exhaust valve 4 during the exhaust stroke in
this way. As a result, the intake air introduced into the
combustion chamber 2 and the internal EGR at a high
temperature are mixed, and hence the mixture temperature
can be increased at a beginning of the compression (at IVC
when the intake valve 3 closes), resulting in the HCCI
combustion.

(c) Intermediate area for switching the combustion mode
between the SI combustion mode and the HCCI combustion
mode is set around (b) HCCI area for the operation in the
HCCI combustion mode. In (c¢) intermediate area, an inter-
mediate combustion mode is carried out. In the intermediate
combustion mode, the flame propagation combustion is
carried out by moving the open timing of the intake valve 3
from IVOa to IVOb, and moving the close timing of the
exhaust valve 4 from EVCa to EVCb, thereby increasing the
internal EGR, and igniting the mixture with the spark
discharge of the ignition plug 6, and the compression
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ignition is carried out by increasing the pressure and tem-
perature of the remaining mixture the combustion pressure
of the flame propagation.

The intermediate combustion mode is carried out in this
way when the combustion mode is switched between the SI
combustion mode and the HCCI combustion mode, thereby
enabling smooth switching of the combustion modes.

However, as the internal EGR increases, inert gases
included in the mixture increase, which makes the flame
propagation combustion by the ignition plug 6 difficult,
resulting in the combustion fluctuation and the misfire.
Therefore, when the internal EGR more than a predeter-
mined amount is carried out, a stable intermediate combus-
tion mode cannot be realized due to an increase in the
combustion fluctuation and the misfire, resulting in such a
problem that the combustion mode cannot be switched
between the SI combustion mode and the HCCI combustion
mode.

Moreover, as the internal EGR increases, the combustion
period extends, and the ignition timing needs to be advanced
for optimal thermal efficiency. In this case, as the ignition
timing is separated from a compression TOC more, the
pressure and temperature of the mixture at the ignition
timing decrease. Further, the combustion temperature
decreases as the internal EGR increases, and when the
ignition timing is advanced as described above, the remain-
ing mixture does not reach a pressure and a temperature for
the compression ignition in the flame propagation combus-
tion by the spark plug 6, resulting in such a problem that the
combustion mode cannot be switched between the SI com-
bustion mode and the HCCI combustion mode.

Thus, according to the present invention, when the com-
bustion mode is switched between the SI combustion mode
and the HCCI combustion mode, based on the absence/
presence of the combustion fluctuation and the combustion
temperature, the ratio of specific heat of the mixture is
increased by reducing the fuel injection amount so that the
oxygen density contained in the internal EGR used to form
the mixture increases, thereby increasing the pressure and
temperature of the mixture in the compression stroke to
bring about a state where the mixture is more easily ignited
by compression, resulting in smooth switching of the com-
bustion mode.

According to one embodiment of the present invention,
there is provided a control apparatus for an internal com-
bustion engine, which is capable of switching a combustion
mode between a spark ignition combustion mode for com-
busting a mixture formed in a combustion chamber with
spark ignition and a compression ignition combustion mode
for combusting the mixture with compression ignition, the
control apparatus including: an ignition timing control part
for controlling a timing for igniting the mixture with a spark;
a fuel injection amount control part for controlling a fuel
injection amount supplied to the combustion chamber; an
internal EGR control part for keeping a part of a burnt gas
generated by the combustion remaining as an internal EGR
in the combustion chamber; and a combustion mode switch-
ing control part for switching the combustion mode between
the spark ignition combustion mode and the compression
ignition combustion mode, in which when the combustion
mode switching control part carries out switching from the
spark ignition combustion mode to the compression ignition
combustion mode, an internal EGR amount of the internal
EGR is increased, the ignition timing is advanced, and the
fuel injection amount is decreased so that an oxygen density
contained in the internal EGR used to form the mixture
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increases. According to one embodiment of the present
invention, there is also provided a control method for an
internal combustion engine.

As a result, even when the switching between the SI
combustion mode and the HCCI combustion mode is diffi-
cult only by adjusting the internal EGR and the ignition
timing, the oxygen density contained in the internal EGR is
increased by reducing the fuel injection amount, the ratio of
specific heat of the mixture is increased by increasing the
oxygen density contained in the internal EGR, and the
compression ignition of the mixture is enabled by increasing
the pressure and the temperature in the compression stroke,
and thus the combustion mode can be switched.

Further, the control apparatus for an internal combustion
engine further includes a combustion fluctuation determina-
tion part for detecting fluctuation of the combustion, and
when the combustion fluctuation determination part deter-
mines that the combustion fluctuates, the combustion mode
switching control part decreases the fuel injection amount so
as to increase the oxygen density.

As a result, when it is determined that the combustion
fluctuation occurs, even when it is determined that the
switching between the SI combustion mode and the HCCI
combustion mode is difficult only by adjusting the internal
EGR and the ignition timing, the oxygen density contained
in the internal EGR is increased by reducing the fuel
injection amount, the ratio of specific heat of the mixture is
increased by increasing the oxygen density contained in the
internal EGR, and the compression ignition of the mixture is
enabled by increasing the pressure and the temperature in
the compression stroke, and thus the combustion mode can
be switched without the combustion fluctuation.

Further, the combustion fluctuation determination part
calculates at least one of a fluctuation rate of an engine
torque between combustion cycles or a fluctuation rate of a
combustion position between combustion cycles as a com-
bustion fluctuation value, and determines that the combus-
tion fluctuates when the combustion fluctuation value is
more than a predetermined value.

As a result, the combustion fluctuation caused by defec-
tive combustion and defective ignition is precisely detected
by using at least one of a fluctuation rate of an engine torque
between combustion cycles or a fluctuation rate of a com-
bustion position between combustion cycles as the combus-
tion fluctuation value.

Further, the control apparatus for an internal combustion
engine further includes a combustion temperature detection
part for detecting a combustion temperature, and when the
combustion temperature decreases below a predetermined
value, the combustion mode switching control part
decreases the fuel injection amount so as to increase the
oxygen density contained in the internal EGR used to form
the mixture.

As a result, when the combustion temperature decreases
below the predetermined value, it is determined that the
exhausted amount of NOx is reduced, the oxygen density
contained in the internal EGR is increased by reducing the
fuel injection amount, the ratio of specific heat of the
mixture is increased by increasing the oxygen density con-
tained in the internal EGR, and the compression ignition of
the mixture is enabled by increasing the pressure and the
temperature in the compression stroke, and thus the com-
bustion mode can be switched without degradation of emis-
sion.
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Further, the combustion mode switching control part
retards the combustion timing when the fuel injection
amount is decreased to increase the oxygen density con-
tained in the internal EGR.

As a result, when the ratio of specific heat of the mixture
in the next combustion cycle is increased by reducing the
fuel injection amount and the state where the mixture is
more easily ignited by compression is brought about by
increasing the pressure and temperature of the mixture after
the compression, the combustion position can be optimized
by retarding the ignition timing.

FIG. 1 is a flowchart illustrating a control procedure of
combustion mode switching control carried out by the ECU
10. The control procedure is repeated at a predetermined
interval (such as 10[milliseconds]) when it is determined
that a current operation area is in (¢) intermediate area based
on the operation area map of FIG. 3 from an engine torque
and an engine rotation (RPM). It should be noted that the
engine torque is calculated based on the detection signal
from the accelerator position sensor 12. Moreover, the
engine rotation is calculated based on the detection signal
from the crank angle sensor 13.

In Step S101, the ECU 10 sets a combustion fluctuation
determination flag, FL.G, which represents whether or not
the combustion fluctuation is generated during the combus-
tion mode switching control, to OFF (FLG=0, no combus-
tion fluctuation).

In Step S102, the ECU 10 increases the negative overlap
(state where the intake valve 3 and the exhaust valve 4 are
simultaneously closed) to increase the internal EGR in the
combustion chamber. As a result, the intake air introduced
into the combustion chamber 2 and the internal EGR at the
high temperature are mixed, and hence the mixture tempera-
ture can be increased at a beginning of the compression (IVC
when the intake valve 3 closes), resulting in a state close to
a mixture state enabling the HCCI combustion.

Subsequently, in Step S103 (combustion fluctuation deter-
mination part), the ECU 10 determines whether or not the
combustion fluctuation value is equal to or less than the
predetermined value, and the combustion fluctuation deter-
mination flag, FLG, is OFF (FLG=0). On this occasion, the
combustion fluctuation value is at least one of a fluctuation
rate of an engine torque between combustion cycles or a
fluctuation rate of a combustion position between combus-
tion cycles, and is calculated based on the detection values
of the crank angle sensor 13, an in-cylinder pressure sensor
for detecting the pressure in the combustion chamber and a
knock sensor, which are not shown in FIG. 2, and the like
(combustion fluctuation detection part). The combustion
fluctuation value can be used to precisely detect the com-
bustion fluctuation caused by defective combustion and
defective ignition.

When the combustion fluctuation value is equal to or less
than the predetermined value, and the combustion fluctua-
tion determination flag, FL.G, is OFF (YES in Step S103),
the ECU 10 proceeds to Step S104, and otherwise (NO in
Step S103), the ECU 10 proceeds to Step S109. In the
following, first, a description is given of a subsequent
procedure in the case of YES in Step S103.

In Step S104, the ECU 10 determines whether the com-
bustion temperature is equal to or more than a predetermined
value. On this occasion, the combustion temperature is
calculated based on a detection value of at least one (com-
bustion temperature detection part) of the in-cylinder pres-
sure sensor which is provided at the cylinder 1, an intake air
temperature sensor for detecting the temperature of the
intake air, which is provided at the intake passage 8, or an
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exhaust gas temperature sensor for detecting the temperature
of the exhaust gas, which is provided at the exhaust passage
20, these are not shown in FIG. 2. It is generally known that,
in Step S102, as the internal EGR is increased, the combus-
tion temperature decreases, and the NOX is restrained from
being generated as a result of the decreased combustion
temperature (for example, temperature less than 1,750[°
CD.

When the combustion temperature is equal to or more
than the predetermined value (YES in Step S104), the ECU
10 proceeds to Step S105, and otherwise (NO in Step S104),
the ECU 10 proceeds to Step S111. In the following, first, a
description is given of a subsequent procedure in the case of
YES in Step S104.

In Step S105, the fuel injection amount is adjusted so that
the air fuel ratio detected by the air fuel ratio sensor 21 is
approximately the theoretical air fuel ratio in order to
restrain a discharged amount of NOx with the purification
action by the three-way catalyst 22. Specifically, in Step
S102, the throttle valve 9a is opened depending on an
increased amount in the internal EGR so as to maintain the
constant intake air amount introduced into the combustion
chamber 2, resulting in a reduction in the pumping loss.
Therefore, when the fuel injection amount remains to be
constant, the engine torque increases, and when the engine
torque needs to be constant, the fuel injection amount is
reduced while maintaining the theoretical air fuel ratio.

Subsequently, in Step S106 (ignition timing control part),
the ignition timing is advanced so as to optimize the com-
bustion position depending on the increase amount in the
internal EGR in Step S102.

A description is now given of a subsequent procedure in
the case of NO in Step S103, namely, a case where the
combustion fluctuation value is more than the predetermined
value or a case where the combustion fluctuation determi-
nation flag, FL.G, is ON (FLG=1).

In Step S109 (combustion fluctuation determination part),
the ECU 10 determines whether or not the combustion
fluctuation value is equal to or less than the predetermined
value, and the combustion fluctuation determination flag,
FLG, is ON (FLG=1). When the combustion fluctuation
value is equal to or less than the predetermined value, and
the combustion fluctuation determination flag, FL.G, is ON
(YES in Step S109), the ECU 10 proceeds to Step S113, and
otherwise (NO in Step S109), the ECU 10 proceeds to Step
S110. In the following, first, a description is given of a
subsequent procedure in the case of NO in Step S109.

In the case of NO in Step 109, namely, when the com-
bustion fluctuation value is more than the predetermined
value, in Step S110, the ECU 10 sets the combustion
fluctuation determination flag, FL.G, to ON (FLG=1), and
determines that a combustion fluctuation occurs during the
combustion mode switching control.

Subsequently, in Step S111, the ECU 10 decreases the fuel
injection amount so as to increase the oxygen density
contained in the internal EGR. As a result, the ratio of
specific heat of the mixture increases in the next combustion
cycle.

On this occasion, when it is assumed that the mixture
undergoes an adiabatic change in the compression stroke,
the pressure P, the volume V, and the temperature T of the
mixture are represented by using the ratio of specific heat K
as Equations (1) and (2) below.
ey

PesiVeuil"=Pcan Vs =const (constant)

TeaiVear" ' =Tean Vg ' =const (constant)

@
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where:

P: pressure of mixture

V: volume of mixture

T: temperature of mixture

K: ratio of specific heat of mixture

CA1: before compression

CA2: after compression

Equations (1)' and (2)' below are derived from Equations
(1) and (2).

Prpo=Peayx(Vea/Ver)© [because Ve /Ven>1]

(1)'

Tear=Tearx(Vear/Vea) ™ [because Vey/Ven>1]

@

It is appreciated that, from Equations (1)' and (2)', the
pressure P, and the temperature T, of the mixture after
the compression increase as the ratio of specific heat K of the
mixture increases. In other words, the ratio of specific
heat K of the mixture in the next combustion cycle can be
increased by decreasing the fuel injection amount in Step
S111 to increase the pressure P, and the temperature T,
of the mixture after the compression, thereby bringing about
the state where the mixture is more easily ignited by
compression, resulting in the smooth switching of the com-
bustion mode. It is conceivable to increase the intake air
introduced into the combustion chamber 2 as means for
increasing the ratio of specific heat K, but the increase in the
intake air decreases the temperature T.,, of the mixture
before the compression, and the decrease in the intake air is
inappropriate for the switching to the HCCI combustion
mode.

Moreover, the thermal efficiency m,, of the engine is
represented as Equation (3) below.

Na=1-1/e<"! 3)

where:

M, thermal efficiency of engine e: compression ratio of
engine

It is appreciated from Equation (3) that the thermal
efficiency 1, of the engine increases as the ratio of specific
heat x increases. In other words, even when the fuel injec-
tion amount is decreased in Step S111, the combustion mode
can be switched without a decrease in the engine torque in
the state where the operation is normal in the intermediate
combustion mode.

Subsequently, in Step S112 (ignition timing control part),
the ignition timing is retarded so as to optimize the com-
bustion position depending on the decrease in the fuel
injection amount in Step S111.

A description is now given of a subsequent procedure in
the case of YES in Step S109, namely, a case where the
combustion fluctuation value is equal to or less than the
predetermined value and the combustion fluctuation deter-
mination flag, FL.G, is ON (FLG=1). This is such a state that
the combustion fluctuates (FLG=1) during the combustion
mode switching control, but the combustion fluctuation has
settled due to a decrease in the fuel injection amount or the
like.

In Step S113, the ECU 10 determines whether the com-
bustion temperature is equal to or more than a predetermined
value similarly to Step S104.

When the combustion temperature is equal to or more
than the predetermined value (YES in Step S113), the ECU
10 proceeds to Step S114, and otherwise (NO in Step S113),
the ECU 10 proceeds to Step S111. In the following, first, a
description is given of a subsequent procedure in the case of
YES in Step S113.
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In Step S114, the fuel injection amount is adjusted so that
the air fuel ratio detected by the air fuel ratio sensor 21 is the
air fuel ratio in the previous combustion cycle. As a result,
when the combustion mode is switched in an operation area
where the combustion fluctuation highly possibly occurs, the
combustion mode can be switched without generating
unnecessary combustion fluctuation caused by a change in
the ratio of specific heat of the mixture.

Subsequently, in Step S115 (ignition timing control part),
the ignition timing is advanced so as to optimize the com-
bustion position depending on the increase amount in the
internal EGR in Step S102 similarly to Step S106.

Then, when the determination result is NO in Step S104
or S113, namely, the combustion temperature is lower than
the predetermined value, in Step S111, the ECU 10
decreases the fuel injection amount so as to increase the
oxygen density contained in the internal EGR. As described
above, when the combustion temperature decreases (for
example, decreases below 1,750[° C.]), the NOx is
restrained from being generated, and hence the air fuel ratio
does not need to be the theoretical air fuel ratio in order to
purity NOx by using the three-way catalyst 22. The fuel
injection amount can be decreased so as to increase the
oxygen density contained in the internal EGR in this com-
bustion state, and hence the combustion mode can be
smoothly switched without degradation in the emission.

In Step S107, the ECU 10 determines whether or not the
switching of the combustion mode has been completed. In
this embodiment, a detailed description is not given of a
method of determining whether or not the switching of the
combustion mode has been completed, but the determination
needs to be made based on combustion parameters such as
a combustion speed and the thermal efficiency, absence/
presence of a change in the combustion position depending
on a change in the ignition timing, and the like. When the
ECU 10 determines that the switching of the combustion
mode has been completed (YES in Step S107), the ECU 10
finishes the combustion mode switching control, and other-
wise (NO in Step S107), the ECU 10 proceeds to Step S108.

In Step S108, the ECU 10 determines whether or not the
switching of the combustion mode is difficult. In this
embodiment, a detailed description is not given of a method
of determining whether or not the switching of the combus-
tion mode is difficult, but it needs to be determined that the
switching of the combustion mode is difficult when the
combustion fluctuation does not settle in a predetermined
period, or when the combustion fluctuation value exceeds a
predetermined value. When the ECU 10 determines that the
switching of the combustion mode is difficult (YES in Step
S108), the ECU 10 finishes the combustion mode switching
control, and otherwise (NO in Step S108), the ECU 10
proceeds to Step S102, and repeats the processing.

As described above, the control apparatus for an internal
combustion engine according to the embodiment of the
present invention reduces the fuel injection amount so as to
increase the oxygen density contained in the internal EGR
based on the absence/presence of the combustion fluctuation
and the combustion temperature when the switching of the
combustion modes is carried out through the internal EGR
and the spark ignition. As a result, the ratio of specific heat
of the mixture in the next combustion cycle is increased to
increase the pressure and temperature of the mixture after
the compression, thereby bringing about the state where the
mixture is easily compressed and ignited, resulting in the
smooth switching of the combustion mode without occur-
rence of the degradation in the emission.
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The ECU 10 includes functions regarding an ignition
timing control part, a fuel injection amount control part, an
internal EGR control part, a combustion mode switching
control part, and a combustion fluctuation determination
part.

What is claimed is:

1. A control apparatus for an internal combustion engine,
which is capable of switching a combustion mode between
a spark ignition combustion mode for combusting a mixture
formed in a combustion chamber with spark ignition and a
compression ignition combustion mode for combusting the
mixture with compression ignition, the control apparatus
comprising:

an ignition timing control part for controlling a timing for

igniting the mixture with a spark;

a fuel injection amount control part for controlling a fuel

injection amount supplied to the combustion chamber;
an internal EGR control part for keeping a part of a burnt

gas generated by the combustion remaining as an

internal EGR in the combustion chamber; and

a combustion mode switching control part for switching

the combustion mode between the spark ignition com-
bustion mode and the compression ignition combustion
mode,

wherein, when the combustion mode switching control

part carries out switching from the spark ignition
combustion mode to the compression ignition combus-
tion mode, the control apparatus is configured to:
increase an internal EGR amount of the internal EGR;
advance the ignition timing; and to decrease the fuel
injection amount so that an oxygen density contained in
the internal EGR used to form the mixture increases.

2. The control apparatus for an internal combustion
engine according to claim 1, further comprising a combus-
tion fluctuation determination part for detecting fluctuation
of the combustion,

wherein, when the combustion fluctuation determination

part determines that the combustion fluctuates, the
combustion mode switching control part decreases the
fuel injection amount so as to increase the oxygen
density.

3. The control apparatus for an internal combustion
engine according to claim 2, wherein the combustion fluc-
tuation determination part calculates at least one of a fluc-
tuation rate of an engine torque between combustion cycles
or a fluctuation rate of a combustion position between
combustion cycles as a combustion fluctuation value, and
determines that the combustion fluctuates when the com-
bustion fluctuation value is more than a predetermined
value.

4. The control apparatus for an internal combustion
engine according to claim 1, further comprising a combus-
tion temperature detection part for detecting a combustion
temperature,

wherein when the combustion temperature decreases

below a predetermined value, the combustion mode
switching control part decreases the fuel injection
amount so as to increase the oxygen density contained
in the internal EGR used to form the mixture.

5. The control apparatus for an internal combustion
engine according to claim 2, further comprising a combus-
tion temperature detection part for detecting a combustion
temperature,
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wherein when the combustion temperature decreases
below a predetermined value, the combustion mode
switching control part decreases the fuel injection
amount so as to increase the oxygen density contained
in the internal EGR used to form the mixture.

6. The control apparatus for an internal combustion
engine according to claim 3, further comprising a combus-
tion temperature detection part for detecting a combustion
temperature,

wherein when the combustion temperature decreases

below a predetermined value, the combustion mode
switching control part decreases the fuel injection
amount so as to increase the oxygen density contained
in the internal EGR used to form the mixture.

7. The control apparatus for an internal combustion
engine according to claim 1, wherein the combustion mode
switching control part retards the combustion timing when
the fuel injection amount is decreased to increase the oxygen
density contained in the internal EGR.

8. The control apparatus for an internal combustion
engine according to claim 2, wherein the combustion mode
switching control part retards the combustion timing when
the fuel injection amount is decreased to increase the oxygen
density contained in the internal EGR.

9. The control apparatus for an internal combustion
engine according to claim 3, wherein the combustion mode
switching control part retards the combustion timing when
the fuel injection amount is decreased to increase the oxygen
density contained in the internal EGR.

10. The control apparatus for an internal combustion
engine according to claim 4, wherein the combustion mode
switching control part retards the combustion timing when
the fuel injection amount is decreased to increase the oxygen
density contained in the internal EGR.

11. The control apparatus for an internal combustion
engine according to claim 5, wherein the combustion mode
switching control part retards the combustion timing when
the fuel injection amount is decreased to increase the oxygen
density contained in the internal EGR.

12. The control apparatus for an internal combustion
engine according to claim 6, wherein the combustion mode
switching control part retards the combustion timing when
the fuel injection amount is decreased to increase the oxygen
density contained in the internal EGR.

13. A control method for an internal combustion engine,
which is to be carried out in a control apparatus for an
internal combustion engine, the control apparatus being
capable of switching a combustion mode between a spark
ignition combustion mode for combusting a mixture formed
in a combustion chamber with spark ignition and a com-
pression ignition combustion mode for combusting the mix-
ture with compression ignition, the method comprising:
when the combustion mode is switched from the spark
ignition combustion mode to the compression ignition com-
bustion mode, in an internal EGR control for keeping a part
of'a burnt gas generated by the combustion remaining as an
internal EGR in the combustion chamber, increasing an
internal EGR amount of the internal EGR; advancing an
ignition timing; and decreasing a fuel injection amount so
that an oxygen density contained in the internal EGR used
to form the mixture increases.
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